Introduction
Chronic heart failure (CHF) is an ongoing epidemic of growing dimensions. 1 Around 50% of patients with the clinical syndrome of heart failure have a normal left ventricular ejection fraction (LVEF). 2, 3 These cases are termed 'heart failure with normal ejection fraction' (or HFnEF) and left ventricular diastolic dysfunction is believed to be the prominent aetiology. 4 Once hospitalized for heart failure, the prognosis of HFnEF is as grim as systolic heart failure (HFrEF). 2, 3 Randomized trials in the search for specific † These two authors contributed equally to this work.
therapeutic interventions have been few and notoriously unsuccessful. 5, 6 Biomarkers are increasingly used in CHF for diagnostic and prognostic purposes. Some markers, e.g. natriuretic peptides, have been introduced into clinical practice, but a growing number of novel markers is under investigation. 7 Growth differentiation factor 15 is a distant member of the TGF-ß superfamily. While it is not expressed in normal hearts, increased expression of GDF-15 has been demonstrated in animal models of dilative and hypertrophic cardiomyopathy, in load-induced cardiac hypertrophy 8 and in infarcted myocardium. 9 In these models, GDF-15 attenuated a reduction in fractional shortening 8 and protected the heart from cardiac hypertrophy 8 and ischaemia-reperfusion injury. 9 It has been suggested to be a downstream marker indicative of different myocardial stress pathways. 10 Promising data have led to a proposition to use GDF-15 for risk stratification in acute coronary syndromes 11, 13 or pulmonary embolism. 14 Growth differentiation factor 15 is elevated and indicative of prognosis in HFrEF. 10, 15 The aim of our study was to evaluate the clinical relevance of GDF-15 plasma levels in an HFnEF population. We compared this population with HFrEF patients and healthy elderly controls from the same cohort.
Methods Subjects
In the ongoing non-interventional DIAST-CHF trial, which is part of the nationwide German Competence Network Heart Failure, 1935 participants aged 50-85 years were recruited in 2004 and 2005 with at least one risk factor for HFnEF (defined as history of hypertension, diabetes mellitus, sleep apnoea syndrome or atherosclerotic disease) or established CHF. Participants were referred by a network of primary care physicians and inclusion criteria verified at the screening visit. As a population-based trial, the only exclusion criteria were unwillingness to participate or inability for logistic reasons. Participants underwent a comprehensive non-invasive diagnostic workup at baseline, including echocardiography. Diagnosis of CHF was made either based on the history or on the presence of at least one major and two minor Framingham diagnostic criteria 16 at presentation. Patients were classified retrospectively according to echocardiographic measurements to have HFrEF when LVEF was ≤50%, or HFnEF when LVEF was .50% and diagnostic criteria for HFnEF as recommended by the European Society of Cardiology 4 were met. A group of apparently healthy elderly subjects were included in DIAST-CHF as a reference group and followed the same procedures as the main cohort. These subjects were used as controls for comparative purposes and for assessing discriminatory properties of GDF-15 to detect HFnEF. As it turned out that GDF-15 might be a valuable marker for the presence of HFnEF, we used a second classification for HFnEF that did not employ N-terminal pro brain natriuretic peptide (NT-proBNP) as a diagnostic criterion for comparative purposes: all CHF patients with an LVEF .50% that fulfilled echocardiographic criteria indicative of elevated filling pressures as recommended by the American Society of Echocardiography (ASE) 17 were classified as HFnEF New . For clarity of presentation, we termed the conventionally classified group HFnEF ESC . While individual echocardiographic parameters used for HFnEF ESC and HFnEF New classification had been prospectively assessed according to the study protocol at baseline except for retrograde A wave duration in the pulmonary veins, final classification was performed retrospectively for the purpose of this study.
DIAST-CHF complies with the Declaration of Helsinki, the protocol was approved by the responsible ethics committee and all patients gave written informed consent.
Procedures
All participants had their medical history, physical examination and an ECG taken. In addition, a standardized 6-min walk test 18 was performed. As a general estimate of quality of life, the widely used and validated SF-36 19 was used. Blood samples were drawn after at least 15 min rest in the prone position for the analysis of routine laboratory parameters and were stored at 2808C for later analysis. After thawing, GDF-15 was measured in plasma with a pre-commercial electrochemiluminescence immunoassay and NT-proBNP with a commercially available electrochemiluminescence immunoassay on an automated Elecsys w analyser (all Roche Diagnostics GmbH, Mannheim, Germany) by an investigator blinded to patient characteristics.
Echocardiography was performed on a Hewlett-Packard Sonos 5500 (Hewlett-Packard, Andover, MA, USA) according to the guidelines of the ASE current at the time of data collection, including measurement of peak velocities of early (E) and late (A) diastolic mitral inflow and early (é) and late (á) tissue Doppler velocity waves at the lateral mitral annulus, E wave deceleration time and peak systolic (S) and diastolic (D) pulmonary vein flow velocity. All examinations were performed by physicians experienced in the technique. All individual parameters used for the classification and grading of diastolic dysfunction were obtained successfully in .95% of patients. Randomly chosen echo examinations were reviewed by the echo core laboratory of the German Competence Network Heart Failure at the University of Essen for quality assurance. (Figure 1 ). 79.5% and 79.7% of patients in HFrEF and HFnEF ESC , respectively, had values .1.20 ng/mL, which is the reported upper limit of normal, 15 while 14% of controls had values .1.20 ng/mL.
Calculations and statistical analyses
In the whole study sample, higher log(GDF-15) levels were strongly associated with higher age, lower estimated glomerular filtration rate (eGFR), higher NT-proBNP, shorter 6 min walk distance and lower SF-36 physical score, but also moderately with several echocardiographic parameters indicative of systolic and diastolic function (see Supplementary material online, Table S1 ). Prominent among correlations with echocardiographic parameters of diastolic function were those with increased LAVI, LVMI, E/é, decreased é and é/á. Jonckheere-Terpstra test unravelled significantly increasing GDF-15 levels across grades of diastolic dysfunction (P , 0.001, Figure 2 ). As differing algorithms for grading the severity of diastolic dysfunction have been used over the past years and guidelines published in the meantime stress the relevance of E/é values (with cut-offs that deviate from the one we used for our grading scheme), Figure 3 additionally shows significantly increasing GDF-15 levels across three strata of E/é. Finally, we observed a strong association with estimated right ventricular systolic pressure.
When excluding patients with HFrEF, most correlations remained significant and retained their respective strength of association. Interestingly, however, the associations with parameters indicative of systolic function, i.e. LVEF and left ventricular end-systolic and end-diastolic volume, were not significantly associated with GDF-15 levels after exclusion of HFrEF. In contrast, the association with E/é appeared to be of a more continuous nature (Figure 4) . In a multivariate general linear model with log(GDF-15) as dependent variable, higher age, male gender, lower eGFR, presence of HFrEF and presence of HFnEF were identified as variables significantly predictive of higher GDF-15 levels, while body mass index (BMI), systolic blood pressure, LVEF, E/é, LAVI, LVMI index and presence of coronary artery disease (CAD) did not add significantly to the model (adjusted r 2 ¼ 0.577 for overall model).
Because GDF-15 appeared to be strongly associated with 6 min walk distance and SF-36 physical score, we used these parameters as the respective dependent variable in general linear models. Including BMI, age, gender, eGFR, CAD, HFrEF, HFnEF, E/é, LAVI, LVMI, LVEF, and the common logarithms of GDF-15 and NT-proBNP as covariates, GDF-15 remained significantly (P ¼ 0.01) and inversely associated with 6 min walk distance (adjusted . Surprisingly, NT-proBNP as a covariate did not reach significance in these models. As NT-proBNP is considered a valuable biomarker for the diagnosis of HFnEF ESC , 4 we compared GDF-15 with NT-proBNP for the discrimination of HFnEF ESC from healthy controls. ROC curves for both markers were very similar ( Figure 5A ) with an AUC of 0.882 (0.842; 0.922) for NT-proBNP and 0.891 (0.850; 0.932) for GDF-15 (P ¼ 0.37), while the combination of both markers exhibited a significantly larger AUC of 0.942 (0.912; 0.972) compared with NT-proBNP (P , 0.01) or GDF-15 (P , 0.05) alone. For cut-off levels of 1.16 ng/mL (GDF-15) and 199 ng/L (NT-proBNP), the respective sum of sensitivity and specificity was maximal. A cut-off value of 1.20 ng/mL has been proposed for GDF-15 for a diagnosis of HFrEF. 15 At this value, sensitivity reached 81.7% and specificity 85.5% with an odds ratio (OR) of 18.1 for having HFnEF ESC . Sinilarly, an NT-proBNP .220 ng/L is recommended for a positive diagnosis of HFnEF ESC , 4 which gives a sensitivity of 65.1%, a specificity of 96.8% and an OR of 46, respectively. Because the utilization of NT-proBNP in the ESC algorithm for the diagnosis of HFnEF ESC would be expected to give this marker an advantage over GDF-15, we used a different scheme to classify subjects as HFnEF New, which did not employ NT-proBNP (see the section Methods). Eighty-five subjects had HFnEF New . Overall, 49.3% of HFnEF ESC subjects also fulfilled the HFnEF New criteria, while 82.4% of HFnEF New subjects had HFnEF ESC. Six minute walk distance was 418 m (332 m; 504 m) in HFnEF New . These figures are consistent with the notion that echocardiographic criteria for HFnEF New indicate elevated filling pressures at the time of echocardiography and may therefore select a more severely affected subgroup of HFnEF patients.
Figure 5B illustrates that the AUC of GDF-15 for detecting HFnEF New was clearly higher than for NT-proBNP [0.904 (0.857; 0.951) vs. 0.859 (0.805; 0.913)], although this difference did not reach statistical significance (P ¼ 0.10). The combination of both markers resulted in an AUC of 0.935 (0.892; 0.977), which was significantly higher than for NT-proBNP alone (P , 0.01) but not for GDF-15 alone (P ¼ 0.12). Optimal cut-off levels in the above sense for the individual markers were 1.16 ng/mL for GDF-15 and 200.7 ng/L for NT-proBNP. The combined presence of a GDF-15 .1.16 ng/mL and NT-proBNP .200.7 ng/L resulted in a sensitivity of 56.6% and a specificity of 98.9% for detecting HFnEF New . For the proposed cut-off values of 220 and 120 ng/L for NT-proBNP, we identified analogous values for GDF-15 with equal sensitivity (specificity) and compared the corresponding specificity (or sensitivity, respectively) at these values. Classification at the identified cut-offs was better for GDF-15 than for NT-proBNP ( Table 2 ).
Discussion
Our study has the following three main findings.
(i) Growth differentiation factor 15 plasma levels are elevated in HFnEF ESC patients and comparable to HFrEF. (ii) Growth differentiation factor 15 levels correlate with multiple echocardiographic markers of diastolic function and are independently associated with a worse 6 min walk test performance as well as a lower SF-36 physical score. (iii) Growth differentiation factor 15 is at least as good as NT-proBNP for the detection of HFnEF and the combination of both markers is better than NT-proBNP alone. 
GFD-15 in HFnEF
The absolute values of GDF-15 in our cohort are in accordance with the published data: GDF-15 concentrations in HFrEF are significantly higher than in healthy elderly controls and the proportion of patients above the proposed cut-off of 1.20 ng/mL as well as the median value are comparable to data reported by Kempf et al. 10 This is in spite of our cohort being comparatively stable outpatients, as evidenced by a median LVEF of 45% and 6 min walk distance of 463 m. In our healthy control group, 86% of individuals had a GDF-15 value 1.20 ng/mL, similarly close to published data showing 1.20 ng/mL to be the 90th percentile for healthy elderly controls. 15 In HFnEF ESC , GDF-15 was higher than in controls but not significantly lower than in HFrEF. In multivariate analysis, presence of HFnEF ESC (as well as HFrEF) was independently associated with a higher GDF-15 level. Whether GDF-15 levels in HFnEF are indicative of an adverse prognosis, as has been described for HFrEF and other cardiovascular diseases, has not been investigated thus far. Growth differentiation factor 15 is considered a relatively global and non-specific marker of risk, as it is also strongly elevated in other conditions such as malignant or haematological diseases. 23, 24 On the other hand, GDF-15 has recently been shown to be predictive of the presence of any cardiovascular disease, additive to an established clinical risk score in an elderly population-based cohort. 25 It is therefore noteworthy that we found rather strong-considering the epidemiological setting-associations of GDF-15 with several echocardiographic parameters, strengthening the usefulness of GDF-15 as an indicator of cardiac status. Moreover, it is interesting that a significant correlation between GDF-15 and structural and functional indicators of diastolic function such as LVMI, LAVI or E/é was observed. Also, GDF-15 increased with impairment in diastolic function. These data suggest that GDF-15 might be a marker indicative to some extent of diastolic function. Increased GDF-15 expression has been shown in animal models of hypertrophic cardiomyopathy and load-induced left ventricular hypertrophy, 8 thus providing experimental support for our observations. Oxidative stress through uncoupling of cardiac nitric oxide synthase has recently been shown to induce diastolic dysfunction in an animal model 26 while GDF-15 expression has been shown to be increased in cardiomyocytes by oxidative stress. 9, 27 In this respect, GDF-15 levels may also partly represent an underlying pathophysiological mechanism for diastolic dysfunction. Our data also suggest that GDF-15 may potentially be an indicator of disease severity in HFnEF, given its reasonable properties for detecting patients with elevated filling pressures (see below) and correlations with parameters indicative of acutely or chronically elevated filling pressures (i.e. E/é and LAVI) and backwards failure (i.e. estimated right ventricular systolic pressure). The observation that higher GDF-15 levels were independently associated with physical impairment on multivariate analysis as assessed by 6 min walk distance and the SF-36 physical function scale supports this theory.
When we compared the discriminatory ability of GDF-15 for differentiating HFnEF ESC from healthy controls to that of NT-proBNP, to indirectly assess its diagnostic properties, we found it quite remarkable that the properties of GDF-15 were very similar to those of NT-proBNP. The inclusion of NT-proBNP for the diagnosis of HFnEF ESC would imply a strong methodological bias towards a better discriminatory ability of NT-proBNP. We therefore used a second classification (termed HFnEF New )-which was independent from NT-proBNP-to identify CHF patients with normal LVEF and elevated left ventricular filling pressures according to the guideline-recommended echocardiographic criteria. 17 Discriminatory properties of GDF-15 for differentiating these HFnEF New patients from controls clearly tended to be superior to those of NT-proBNP. While exact numbers for AUC, sensitivity and specificity cannot be relied upon for clinical purposes due to the design of our study, the direct comparison suggests that GDF-15 might in fact be an alternative to NT-proBNP, although further validation in other cohorts will be necessary. Combining both biomarkers may be even more attractive 7 because GDF-15 may be indicative of pathophysiological processes different from NT-proBNP, such as inflammation. 23 In fact, the AUC for the combination of both markers was significantly higher than for NT-proBNP for both HFnEF ESC and HFnEF New , although the combination was not significantly superior to GDF-15 for the latter. Therefore, future trials should specifically address whether the combination of NT-proBNP and GDF-15 for the diagnosis of HFnEF really gives incremental value or whether one of the two markers can be used in isolation. Ideally, these trials would validate both markers prospectively against invasive haemodynamic data as a gold standard, which would also offer the opportunity to compare their values against currently recommended echocardiographic criteria. Considering the potential future use of GDF-15 as a marker in HFnEF it may be reassuring that the optimal discriminatory cut-off in our cohort of 1.16 ng/L (both for HFnEF ESC as well as HFnEF New ) is very close to the published value of 1.20 ng/L for HFrEF. Similarly, our observation of an optimal cut-off value for NT-proBNP of 200.7 ng/L to diagnose HFnEF New and the high specificity of 97% at the recommended cut-off of 220 ng/L actually validates current ESC recommendations for the use of natriuretic peptides in the diagnosis of HFnEF ESC . These values were largely derived from two small invasive studies. 28, 29 Our data show that the discriminatory properties of NT-proBNP are very similar in our cohort of patients with non-invasive, i.e. echocardiographic, evidence of elevated filling pressures, underlining the usefulness of NT-proBNP 30 as recommended currently, until novel markers such as GDF-15 or others 31 have been further validated individually or in combination. Although GDF-15 may be superior to NT-proBNP for the diagnosis of HFnEF New (and similar for the diagnosis of HFnEF ESC ), its diagnostic properties are far from perfect. We would therefore consider the search for a biomarker for HFnEF to be ongoing. Also, considering the use of such a biomarker in the clinical setting, it would optimally distinguish HFnEF from HFrEF and other causes of exertional dyspnoea, of which the former is neither true for GDF-15 nor for NT-proBNP while the latter cannot be tested in our cohort.
With regards to limitations of our study, we would like to stress that the diagnostic properties reported are solely for comparative purposes. Differentiating apparently healthy elderly individuals from patients presenting with the syndrome of heart failure using additional biomarker testing is rarely a clinical issue. The number of CHF patients in our cohort was relatively small and analyses are therefore of limited statistical power. On the other hand, all patients were comprehensively characterized by echocardiography, making a classification of HFnEF ESC or HFnEF New possible. Our interpretation that GDF-15 is a marker which is at least as good as NT-proBNP is formally somewhat imprecise, as there were no criteria for non-inferiority prospectively defined. Although an invasive confirmation and quantification of diastolic dysfunction would have been preferable, such an approach would not have been feasible in a medium-scale population-based study like DIAST-CHF. It is striking that of all the patients with a history or signs and symptoms of CHF and with an LVEF .50%, only 55.4% met the criteria for the diagnosis of HFnEF ESC . While beyond the scope of this paper, the study of the remaining patients with CHF and LVEF .50% will help to facilitate a better understanding of HFnEF and the value of the ESC criteria. Preliminary analyses suggest that patients meeting ESC criteria are considerably more symptomatic, suggesting that these criteria are in fact more specific for the identification of truly symptomatic HFnEF.
Conclusions
The novel cardiovascular risk marker GDF-15 is elevated in patients with HFnEF. Growth differentiation factor 15 levels correlate with echocardiographic markers of diastolic function and elevated filling pressures. They are independently associated with exercise capacity and physical aspects of quality of life. Discriminatory properties for differentiating HFnEF from healthy individuals are at least as good as those of NT-proBNP. These results merit further investigation of the value of GDF-15 for diagnosis, prognostication and therapy guidance in diastolic heart failure.
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